Abstract: A method to synthesize 2-phenylselenenyl-1,3-anti-diols and 2-phenylselenenyl-1,3-anti-azidoalcohols via hydroxy-or azido-selenenylation of trans-allylic alcohols is reported. Moreover, the first example of hydroxyl-selenenylation of an allylic azide is presented. Yields ranging from moderate to good and diastereomeric ratios up to 95:5 are achieved.
Introduction
The 1,3-diol system is frequently found in the structure of biologically active natural products such as the macrolide antibiotics [1] , and consequently, a wide variety of synthetic methods have been developed for these targets [2] . Moreover, chiral 1,3-aminoalcohol sequences are found in compounds of biological interest such as nucleoside antibiotics or in alkaloids. Indeed, several synthetic approaches to these moieties have been developed [3] .
In the last years our group has been involved in the stereoselective synthesis of substitued oxygenated heterocyclic rings, such as tetrahydrofurans, tetrahydropyrans, δ-and γ-lactones, using electrophilic organoselenium reagents [4] . Mild reaction conditions and easy removal or subsequent functionalization of the phenylselenenyl residue are the major advantages of this chemistry [5] .
Here we report a simple approach for the synthesis of open chain molecules such as 2-phenylselenenyl-1,3-diols and 2-phenylselenenyl-1,3-azido-alcohols, as precursors of 1,3-diols and 1,3-aminoalcohols. Recently we reported two examples of direct hydroxyl-selenenylation reactions of trans-allylic alcohols with good diastereoselectivity [4a] . This reaction has not been studied in detail [6] . We then exploited this reaction with other compounds together with the electrophilic azidoselenenylation reaction [7] . It has been reported that the addition of PhSeN 3 to simple alkenes, as well as to activated alkenes, proceeds stereospecifically but not regiospecifically [8] . A radical process for azido-phenylselenenylation of double bonds has been also reported [9] . Recently, 2-phenylselenenyl-1,3-syn-diols have been prepared by a cross-aldol reaction between benzaldehyde and β-phenylselenenylenoxysilanes followed by borane reduction [10] . Some 2-phenylselenenyl-1,3-syn-diols have been obtained by electrophilic addition of benzeneselenenic acid to allylic alcohols [11] .
Results and Discussion
Compounds 1a-g were used as starting materials for our study. First we studied the electrophilic hydroxy-selenenylation of alcohols 1a-f. We used for this purpose phenylselenenyl chloride in acetonitrile/water at room temperature. The intermediate seleniranium ion formed is attacked by the nucleophile, a water molecule, to give the diols 2 and 3. Yields ranged from moderate to good, with the less reactive compound being the alkyl substituted allylic alcohol 1d, whereas diastereomeric ratios were good, being at least 90:10. With R 1 groups bigger than methyl, slight improvement in the ratios was observed. The stereochemistry of the major diastereoisomer was verified by the 1 H-NMR spectra of compounds 2d-e and 3d-e. Indeed, the CHSePh signal in the major diastereoisomers 2d-e was a dd, while in the minor diastereoisomers 3d-e it was a triplet because of their symmetry. The stereochemical outcome of the reaction is depicted in the Scheme 2. Seleniranium ions 6 and 7 arise from the attack of the electrophilic PhSeCl on both sides of the carbon-carbon double bond. As a consequence of the stabilizing Se-O interaction, seleniranium ion 7 is less stable because of the steric interaction between the R 1 group and hydrogen atom. In seleniranium ion 6 this interaction is absent.
Then we studied the electrophilic azido-selenenylation of alcohols 1. Preliminary investigations were carried out on compound 1a in order to find the best conditions. We considered different amounts of sodium azide, solvents and sources of electrophilic selenium reagent. Reactions were carried out for 24 h at room temperature. Results are reported in Table 2 . Significant yield improvements were obtained using five equiv. of NaN 3 instead of three equiv., however a further increase of the amount of NaN 3 did not give improved yields but rather a less clean reaction ( Table 2 , entries 1-3). The use of other solvents such as dimethylformamide, acetonitrile and dimethoxyethane in place of dimethylsulfoxide gave poor yields (Table 2 , entries 2,4-6). The use of the more reactive phenylselenenyl triflate gave better yields both in acetonitrile and dimethylsulfoxide, being, indeed, the latter the best conditions found (entries 7,8). In each case the diastereoselectivity found is very similar (87:13, as determined by 1 H-NMR).
Finally, the reaction was carried out in the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate (bmimBF 4 ). The yield was poor and no improvement in diastereoselectivity was observed. Moreover, a 20% yield of compounds 2a and 3a was obtained with high ratio (94:6) [12] . In order to establish the stereochemistry of the major product, the mixture of 4a and 5a was separated by column chromatography. The major product was reduced with triphenylphosphine and then treated with 1,1'-carbonyldiimidazole to give the cyclic urethane 9 (Scheme 3 Using our best conditions (PhSeOTf 1eq., DMSO, NaN 3 5 eq.), we carried out the azidoselenenylation on compounds 1b-g (Table 3 ). Yields were not high and, usually, a considerable amount of starting material was recovered (30-45%). No significant change in diastereoselectivity was found, being lower in the case of 1f; however, for substrates possessing an alkyl group as substituent on the C=C double bond (1d,g), somewhat higher selectivities were observed. Protection of the hydroxy group in 1a as benzyl or TBDMS ether gave poor yields in the azido-selenenylation [13] . In order to prepare 2-phenylselenenyl-1,3-azido alcohols a different approach can be followed. We reasoned that using an allylic azide as starting material and water as nucleophile better yields could be reached. However, this approach suffers a limitation: allylic azides exist as an equilibrating mixture of regioisomers [14] . Such rearrangement can be suppressed in compounds in which the allylic azide is conjugated. To explore this notion we used compound 10 (Scheme 4). Under the usual conditions we obtained compounds 11 and 12 in 74% yield and 90:10 ratio. Quenching the reaction after one hour we observed a lower yield (63%); moreover, an even lower yield (55%) was also obtained if water is added to a solution containing compound 10 and PhSeCl in CH 3 CN. In each case the 11:12 ratio did not change. It is noteworthy that the 11:12 ratio is identical to the 2a:3a ratio, leading us to conclude that both the OH and N 3 groups play a similar role.
Finally, we used compound 4a for further transformation. It is known that hydroxyselenides can be transformed into epoxides [15] . Treatment of 4a with 1.2 equiv. of m-chloroperbenzoic acid/K 2 CO 3 in methanol at -10 °C did not afford the expected product. Rather, oxidative elimination via selenoxide syn-elimination took place to give compound 13 in 65% yield. However, when the reaction was carried out with 5 equiv. the cis-epoxide 14 [16] was obtained in 40% yield. In the presence of an excess of MCPBA the reactive intermediate is the selenone. Itr would appear that because of the excellent leaving-group properties of the PhSeO 2 group, the reaction indeed took place, but, probably due to steric hindrance, the yield was not high. The cis-stereochemistry was established by 1 H-NMR (J H2H3 = 4.2 Hz). Although the yield was not high this methodology allows the stereoselective synthesis of 1-azido-2,3-cis-epoxides, useful compounds for further manipulations. 
Conclusions
We have presented a facile route for the synthesis of 2-phenylselenenyl-1,3-anti-diols and 2-phenylselenenyl-1,3-anti-azido-alcohols with interesting diastereoselectivities and complete regioselectivity.
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Experimental

General
General procedure for hydroxy-selenenylation reactions:
To a stirred solution of compounds 1a-f in acetonitrile (2 mL per mmol) and water (33 equiv.) a solution of PhSeCl (1 equiv.) in acetonitrile (1 mL per mmole) was added via cannula. After 3 minutes the reaction was quenched by addition of a saturated aqueous solution of NaHCO 3 and the mixture was partitioned between ethyl acetate and water. The combined organic phases were washed with brine and dried. The crude product was purified by flash chromatography. 
(±)-(1RS, 2SR, 3RS)-1-p-chlorophenyl-2-phenylselenenyl-butan-1,3-diol
General procedure for azido-selenenylation reactions:
To a stirred solution of PhSeCl (1 equiv.), NaN 3 (5 equiv.) and AgOTf (1 equiv.) in DMSO (74 mL per mmol of PhSeCl) a solution of compounds 1a-f in DMSO (4.4 mL per mmol) was added via cannula. After 24 hours the reaction was quenched by addition of water and the mixture was portioned between diethyl ether and water. The combined organic phases were washed with brine and dried. The crude product was purified by flash chromatography. 81 (d, J=6.6Hz, 3H, CH 3 ), 0.84 (d, J=6.7Hz, 3H, CH 3 , 5b), 1.04 (d, J=6.7Hz, 3H, CH 3 ,   5b), 1.14 (d, J=6.6Hz, 3H, CH 3 ), 2.18-23 (m, 1H, CHMe 2 ), 2.70 (br s, 1H,OH), 3.56 (dd, J=7.2 and  0.8Hz, 1H, CHSePh), 3.64-3.68 (m, 1H, CHOH), 5.03 (d, J=7.2Hz, 1H, CHPh), 5.25 (d, J=7.4Hz, 1H,  CHPh, 5b) 
(±)-(2RS, 3RS, 4RS)-4-azido-4-phenyl-3-phenylselenenyl-butan-2-ol
(±)-(2RS, 3SR, 4SR)-4-azido-4-phenyl-3-phenylselenenyl-butan-2-ol
(±)-(2RS, 3RS, 4RS)-5-azido-2-methyl-5-phenyl-4-phenylselenenyl-pentan-3-ol
(±)-(2RS, 3RS, 4RS)-4-azido-3-phenylselenenyl-pentan-2-ol
(±)-(4RS, 5RS, 6RS)-6-methyl-4-phenyl-5-phenylselenenyl-1,3-oxazolidin-2-one (9)
To a solution of compound 4a (100 mg, 0.298 mmol) in dry THF (6 mL), PPh 3 (84 mg, 1.1 equiv.) was added. The solution was stirred at 40 °C overnight. After this time, water (0.30 mL) was added and the solution stirred at 50 °C for 3 h. Methanol was then added and the solution evaporated under reduced pressure. The residue was dessiccated under vacuum in the presence of P 2 O 5 for 5 h. The white residue obtained was used without further purification in the next step. The residue (95 mg) was dissolved in CH 2 Cl 2 (2 mL) at 0 °C then 1,1'-carbonyldiimidazole (58 mg, 0.36 mmol) was added. The solution was allowed to warm at room temperature then stirred for 48 h. After this time the solvent was removed under reduced pressure and the residue purified by flash chromatography using CH 2 
Hydroxy-selenenylation reaction of compound 10
To a stirred solution of compound 10 (100 mg, 0.58 mmol) in acetonitrile (1 mL) and water (340 µL) a solution of PhSeCl (110 mg, 1 equiv.) in acetonitrile (0.8 mL) was added via cannula. After 3 minutes the reaction was quenched by addition of a saturated aqueous solution of NaHCO 3 and the mixture was portioned between diethyl ether and water. The combined organic phases were washed with brine and dried. The crude product was purified by flash chromatography to give (±)-(1RS, 2SR, 3RS)-3-azido-1-phenyl-2-phenylselenenyl-butan-1-ol (11) 
Oxidation of compound 4a
To a solution of compound 4a (100 mg, 0.312 mmol) in methanol (3 mL) at -10 °C was added K 2 CO 3 (261 mg). After 10 min m-chloroperbenzoic acid (269 mg, 1.56 mmol) was added. The reaction was quenched by adding water then the solution was partitioned between water and diethyl ether. The organic phase was washed with Na 2 S 2 O 3 , dried and evaporated under reduced pressure. Purification by flash chromatography with light petroleum/diethyl ether 4/1 gave (±)-(2SR, 3RS, 4RS) 
